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Deep Backfile for SAGE's peer-reviewed scholarly journals are available in a wide range of subject areas including business, humanities, social science, and science, technology and medicine. We recently read with great interest the study of Brunozzi et al. examining middle cerebral artery (MCA) pressures before and after Pipeline flow diversion in patients with cerebral aneurysms proximal to the internal carotid artery terminus. 1 Assessing distal pressures may offer insight into aneurysm compliance and potential complications that can arise following the procedure (e.g. delayed ipsilateral intraparenchymal hemorrhage (DIPH)). The authors found that following pipeline embolization device (PED) deployment, there were increases in MCA pressures when expressed relative to systemic pressures. The authors conclude that factors other than regional mechanical rigidity likely contribute to MCA hemodynamics in this setting and encourage future investigations on the clinical implications of these findings in relation to DIPH. The purpose of this letter is to put forth a hypothesis offering insight into changes in MCA pressure with flow diversion as it may relate to DIPH. The brain is a high flow, low impedance target organ that is susceptible to the ill effects of hyper/ hypoperfusion and hemodynamic pulsatility. As such, the cerebral bed is exquisitely adept at maintaining constant perfusion via myogenic and autoregulatory factors and extinguishing excessive hemodynamic pulsatility before entry via anatomical/structural features (i.e. the carotid siphon) and functional features (i.e. carotid compliance and Windkessel/reservoir effects). When exploring the data from Brunozzi et al., we are reminded of these elegant hemodynamic buffering features and differences in blood pressure throughout the systemic circulation. Although the distance from the heart (operationalized as the suprasternal notch) to the brachial artery and the heart to the MCA is roughly the same, the blood pressure between sites is markedly different. Blood pressure in the periphery (brachial artery) is amplified as it leaves the heart owing to changes in vessel stiffness, diameter and pressure from wave reflections. 2 Indeed systolic pressure was $40 mmHg higher in the brachial artery compared with the MCA.
Blood pressure has both steady (mean pressure) and pulsatile (pulse pressure) components. The steady component is considered a measure of perfusion pressure and is related to left ventricular function, cardiac output and peripheral vascular resistance. The pulsatile component is related to large artery geometry and stiffness, characteristic impedance, and pressure from wave reflections. Both steady and pulsatile blood pressure components have been shown to be predictive of future cerebrovascular events. 3, 4 The cross-sectional study of Brunozzi et al. does not allow for exploration of causality but it is interesting to note that there were strong associations between MCA blood pressure and aneurysm size pre-PED. Pre-PED MCA pulse pressure was associated with aneurysm size (r ¼ 0.49, p < 0.05) but brachial pulse pressure was not (r ¼ À0.01, p > 0.05). It should be underscored that brachial pressures do not reflect true hemodynamic load experienced by the target organs, thus it is not surprising to see differential associations. Taken together these findings suggest that regional MCA pressure pulsatility was associated with aneurysm size in these patients.
Moreover, there were strong associations between MCA mean pressure pre-PED and aneurysm size (r ¼ 0.67, p < 0.05). Adjusting for mean pressure with a partial correlation abolished the association between pre-PED MCA pulse pressure and aneurysm size (r ¼ À0.06, p > 0.05). In a study by Zheng et al., it was revealed that the ability of pulse pressure to predict the presence of ischemic stroke in patients was dependent on mean arterial pressure level. 3 Thus increased pulse pressure delivered at a high mean pressure may be particularly damaging to the cerebral vessel wall. Increases in cerebral pulse pressure and mean arterial pressure may increase both cyclic and circumferential wall stress and cause fatigue fracture of vessel wall components, contributing to intracranial aneurysm development. Regional blood pressure-dependent wall stress is a significant determinant of time to aneurysm rupture.
Although absolute pressures in the systemic and cerebral circulations are different, they tend to be highly associated and experimental increases in systemic pressure produces similar relative increases in aneurysmal sac pressure in vivo. 5 Therefore, the authors remarked that findings of a reduction in systemic/proximal pressure concomitant with slight increases in distal MCA pressure post-PED did not follow the expected physiology. As acknowledged by the authors, the placement of a stent into an artery alters regional wall mechanics, reducing compliance. The authors, along with others, surmised that alterations in regional compliance would affect blood pressure waveform transmission beyond the restructured arterial segment. Hemodynamic factors affecting blood pressure transmission may be very complex in this setting.
According to wave transmission-reflection theory, blood pressure is the product of both a forward (compression) wave produced by left ventricular contraction and backward (reflected) pressure waves arising from areas of impedance mismatch (i.e. bifurcations, constricted vessels). Stenting induces a compliance mismatch between the native vessel and the stented region. 6 Transmission of blood flow into a less compliant tube (i.e. the stent) would be expected to affect input impedance and thus amplify forward wave pressure, a notable contributor to overall systolic and pulse pressures. Forward-traveling pressure waves generated during left ventricular contraction will be reflected if the wave encounters any change in caliber along the arterial wall. 2 Compliance mismatches cause alterations in impedance, serving as reflection sites for blood pressure. 7 Indeed, experimental studies have shown that the insertion of a variety of endovascular devices into a compliant tube results in increased pressure from wave reflections at the site. 8 With PED, wave reflections may arise at the initial entry point as well as the exit point (Figure 1(a) ) where impedance transitions occur. 9 Wave reflections arising at the entry point are of greater amplitude than the exit point 9 and may serve a protective role by buffering admittance of excess pulsatility into the aneurysm sac. Wave reflections (and re-reflections or rectified wave reflections) from the exit point may become expansion waves, canceling out additional wave reflections along the stent, causing wave entrapment. 9 Davies et al. proposed that when a forward-traveling pressure wave encounters a bifurcation, impedance mismatching is low, and most of the energy is transmitted forward with little reflection. 10 In contrast, a backward-traveling wave encountering the same arterial branch from a reverse direction experiences a much greater impedance mismatch, and so most of the energy is reflected back distally with little transmitted proximally. 10 So a reflected pressure from a bifurcation encountering the exit point of the PED may experience a greater impedance mismatch, and be re-reflected toward the MCA. Rectified wave reflections propagated to the MCA as forward waves may create a pressure difference aiding in flow, 9 especially in a setting of increased pulse wave velocity from increased vascular stiffness. 11 To date, most simulation models and clinical cases confirm that mean aneurysmal pressure does not change initially with PED. [12] [13] [14] In the study by Brunozzi et al., MCA systolic and pulse pressure was slightly increased post-PED. Although PEDs successfully alter flow through the parent vessel, flow diverters are permeable and do not protect against pressure pulsatility.
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Complex regional changes in vessel stiffness and wave reflections across the native vessel and PED may result in a complex pressure differential seen in the cerebral versus the systemic circulation following PED. Patients with intracranial aneurysms (IAs) have elevated carotid pulse pressure, but not brachial pulse pressure. 15 Patients with IAs have been shown to have stiffer and thicker common carotid arteries and increased carotid augmentation index (a marker of global wave reflections). 15 Arterial stiffness has been shown to be predictive of cerebral aneurysms 16 and is higher in patients with ruptured cerebral aneurysms. 17 Further complicating matters, increased pulse wave velocity secondary to increased vessel wall stiffness may affect device fixation leading to migration. 18 This is important to note as pressure from wave reflections are affected by the location of the stent relative to the parent vessel entrance and exit. As the stent moves further downstream, wave reflection magnitude may become somewhat more pronounced. 9 Regional pulsatile hemodynamic changes at the site of compliance mismatch may eventually trigger additional vascular remodeling. 19 Soon after stent implantation, the open mesh between the stent struts fill with tissue growth causing the stent to fuse with the vessel wall. Over time, the native vessel will become stiffer, 20 reducing the stiffness gradient between the native vessel and stent. This impedance matching may increase transmission of pulsatile energy into the aneurysm (and beyond into the MCA; Figure 1(b) ). 21 Vascular stiffness and wave reflections foster retrograde flow (flow reversal) and lower wall shear stress, 22 instigating endothelial damage and thrombosis over time. 23 Increased vascular stiffness and pulsatile hemodynamics in this setting may thereby contribute to DIPH and stroke.
Although PED devices redirect flow through the parent vessel, they may not protect the aneurysm from hemodynamic stress induced by pulsatile pressure. 12 Regional pressures may change over time owing to changes in arterial stiffness and pressure from wave reflections. Changes in regional pressure and flow are extremely complex and future studies that utilize 4D flow mapping along with wave intensity analysis to deconstruct pressure and flow patterns are warranted. From a clinical perspective, an individualized approach that takes into consideration the compliance of the device, along with the compliance of the native vessel, may be needed to optimize regional pressure and minimize future complications related to DIPH. Interventions that restore natural arterial compliance gradients, such as exercise, may prove particularly therapeutic in this setting.
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